
AD-A252 218

The Deposition of Multicomponent Films for
Electrooptic Applications via a Computer Controlled

Dual Ion Beam Sputtering System

ONR Contract No. N00014-88-K-0526 D TIC _

ELECTE

S JUN 3 01992 DA
Final Project Report

Covering the period July 1, 1988 - Dec. 31, 1991

Principal Investigators:

Angus 1. Kingon Orlando Auciello Klaus J. Bachmann

North Carolina State University
Department of Materials Science and Engineering

Raleigh, NC 27695-7907
(919) 515-2867

This contract report was prepared by Dr. T. M. Graettinger.

SThis document has been approvedI

for publi release and sale its

The views and conclusions contained in this document are those of the
authors and should not be interpreted as necessarily representing the official
policies, either expressed or implied, of the Office of Naval Research or the
U. S. Government.

92-14978



2

TABLE OF CONTENTS

Project Summary ................................................................................ 3

1. Introduction ............................................................................. 6

3 2. Deposition of Electrooptic Thin Films ................................... 11

3. High Resolution Imaging of Twin and Antiphase
Domain Boundaries in Perovskite KNbO3 Thin Films .......... 30

4. Microstructural Characterization of the Epitaxial3 (111) KNbO3 on (0001) Sapphire ................................................ 37

5. Electro-optic Characterization of Ion Beam
Sputter-Deposited KNbO3 Thin Films .................................. 67

6. Optical Characterization of Potassium Niobate
Thin Film Planar Waveguides ................................................. 71

I 'Accesion For

NTIS CRAMI
DTIC TAB El
Unannounced
JustificationJ s i i a i n.......... ......................

I By .........................
Distribution I

Availability Codes

Avail ancd ;or
Dist SpecialI
A.0

Statement A per telecon
Dr. Wallace Smith ONR/Code 11313 Arlington, VA 22217-5000

NWW 6/29/92

I

i



3
PROJECT SUMMARY

This is the final report covering our 3-year Office of Naval Research
contract N00014-88-K-0526. The original program goals included:

1) Deposition of potassium niobate, KNbO3, thin films using a
computer-controlled ion beam sputter-deposition system.

2) Investigation of critical process parameters and their relationship to
film properties.

3) Characterization of the optical and electro-optical properties of
KNbO3 thin films.

ACCOMPLISHMENTS

Presented here is a summary of project accomplishments which are
described in detail in this report.

1) Development of a computer-controlled ion beam sputter-
deposition system for the in situ growth of multicomponent oxide
thin films.

A novel ion beam sputter-deposition method was developed to deposit
KNbO3 and other multicomponent thin films in a high vacuum chamber.
The method involves layer by layer growth of the multicomponent material.
The uniqueness of the system lies in a rotating target holder and the process
monitoring and control. The technique requires that multiple targets be
sequentially exposed to the ion beam. An in-vacuum, motor-driven rotating
target holder was built to perform this function. The targets are either
elemental materials (e.g. niobium metal, Nb) or elemental oxides (e.g.
potassium superoxide, K02). Also central to the deposition process is real-
time feedback from a quartz crystal resonator, QCR, whose frequency
changes in response to material deposited on the quartz crystal surface. For
system control, the QCR actively senses deposition during the sputtering
process and when preset values are reached its signal triggers target rotation
via the system control computer. The computer also performs many other
system functions including control of ion beam parameters and substrate
heating.

At sufficiently high deposition temperatures the deposited layers
-terdiffuse to form the desired multicomponent material. Cation
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stoichiometry has been precisely controlled by adjusting the relative
thicknesses of the deposited layers.

2) Deposition and microstructural characterization of KNbO3 thin
films.

Prior to this investigation, little work had been done to fabricate high
quality thin films of KNbO3. Thus, little was known about the
microstructural characteristics of KNbO3 thin films. In order to produce the
highest quality films possible, single crystal materials were chosen as
substrates. Magnesium oxide, MgO (100), and sapphire, A1203 (0001),
were selected because of their favorable lattice matches to the perovskite
KNbO3. Using the computer-controlled ion beam sputter-deposition system
developed in this program, the highest quality KNbO3 thin films reported to
date were grown.

The microstructures of KNbO3 films grown are strongly determinedIby deposition temperature and substrate type. X-ray diffractometer patterns
and transmission electron microscopy, TEM, have confirmed that KNbO3
thin films grown on MgO at 600 'C and above are epitaxially oriented,
[110]KNbO3//[100]MgO, [001]KNbO3//[001]MgO. Two types of defects
have been observed in these films. First, tetrahedral growth twin domains,

I TTDs, which nucleate from steps on the MgO surface have been identified.
These growth twins can be controlled by proper substrate preparation.
Secondly, inversion domain boundaries, IDBs, have been found in the films
in addition to the TrDs. These boundaries are charged and may affect
ferroelectric switching behavior, though this has not been studied yet.

The KNbO3 thin films grown on sapphire at 625 'C and above are
highly oriented, [I11 ]cKNbO3//[000l]A1203. Multiple positioning
boundaries, MPBs, were observed within the (111) KNbO3 films. The
MPBs were categorized into three types, translational, double positioning,
and translational double positioning boundaries.

1 3) Electro-optic characterization of KNbO3 thin films.

5The electro-optic effect was measured in ion beam sputter-deposited
KNbO3 thin films, manifested as a shift in the birefringence due to an
applied electric field. Epitaxial KNbO3 films on MgO (001) show a smaller
birefringence shift than predicted from film geometry and bulk parameters,
The discrepancy can be explained by incomplete switching of the
ferroelectric domains within the films. In addition, microstructural defects
were found to influence the magnitude of the birefringence shift. If poled,

S
I



5

however, the films may have very desirable properties for electro-optic
applications.

The KNbO3 thin films deposited on sapphire (0001) exhibit a large
shift in the birefringence due to an applied electric field. The magnitude of
this shift must be attributed to the shear components of the linear electro-
optic tensor, the largest coefficients for KNbO3. Due to the largebirefringence shift at relatively low field levels, these films show great
potential for electro-optic applications where light passes through the film
plane.

4) Guided-wave characterization and device modeling.

Many integrated optics applications for electro-optic thin films require
the films to serve as planar waveguides. Light was launched into the plane
of ion beam sputter-deposited KNbO3 thin films using the prism-coupling
method to demonstrate their utility as waveguides. This method was also
used to determine the index of refraction of the films by measuring the
position of the coupling angles. The index of refraction for KNbO3 thin
films was calculated to equal 2.28, an index very near the literature values
for KNbO3.

To demonstrate the potential for our KNbO3 thin films, a waveguide
electro-optic phase modulator based on the thin films was modeled. The
model optimizes the drive voltage and modulation bandwidth of the device.
The epitaxial KNbO3 thin films grown on MgO (001) using the ion beam
sputter-deposition technique were used as the basis for the model. The
characteristics of the optimized device demonstrate the potential of KNbO3
"films to surpass bulk single crystal LiNbO3, which is currently the material
of choice for guided-wave integrated optics devices.

5) Two Ph. D. theses and 15 publications resulted from the work
supported by this Office of Naval Research contract no. N00014-
88-K-0526.
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Chapter 1

INTRODUCTION

The body of this report is composed of four reprints of papers and one
chapter of a Ph. D. thesis which encompass the work performed during the
tenure of the contract sponsored by the Office of Naval Research. The
content of these reprints is outlined below.

The first reprint entitled "Deposition of Electrooptic Thin Films" was
presented at the 92nd annual meeting of the American Ceramic Society and
was published in Ceramic Transactions Vol. 14: Electro-Optics and Non-
linear Optic Materials. The development of the ion beam sputter-deposition
system is discussed along with initial microstructural studies of KNbO3 thin
films in this paper.

The second reprint is titled "High Resolution Imaging of Twin and
Antiphase Domain Boundaries in Perovskite KNbO3 Thin Films." This
paper presents a detailed microstructural study of the defects found in
epitaxial KNbO3 thin films deposited on single crystal MgO (100)
substrates. This work was presented at the Spring meeting of the Materials
Research Society in 1990 and was published in the Materials Research
Society Symposium Proceedings Vol. 183, High Resolution Electron
Microscopy of Defects in Materials.

The third section is taken from the Ph. D. thesis of Shang H. Rou.
Tidled "Microsiructural Characterization of the Epitaxial (111) KNbO3 on
(0001) Sapphire," this chapter describes the transmission electron
microscope studies of the growth defects present in KNbO3 films deposited
on sapphire.

The next section is a reprint of a paper titled "Electro-optic
characterization of ion beam sputter-deposited KNbO3 thin films" which
was published in Applied Physics Letters. The electro-optic properties of
KNbO3 thin films deposited on both MgO and sapphire were reported for
the first time. In addition, the relationships between microstructural defects
and the electro-optic properties are discussed.

The waveguiding characteristics are reported in the last section tiled
"Optical Characterization of Potassium Niobate Thin Film Planar
Waveguides." Additionally, an electro-optic phase modulator was modeled
using an ion beam sputter-deposited KNbO3 thin film on MgO (001) as the
basis for the model. This paper was presented at the 1991 Fall Meeting of
the Materials Research Society and will be published in the Materials
Research Society Symposium Proceedings, Vol. 243, Ferroelectric Thin
Films II.

I
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Full bibliographic listings for these reprints can be found below along

with all other publications supported by the Office of Naval Research under
this contract.

1.1 Theses granted resulting from work either fully or partially
supported by the Office of Naval Research.

* 1. "Characterization of Perovskite Thin Films," Shang H. Rou, Ph. D.

Thesis, North Carolina State University, Raleigh, NC 27695, 1990.

2. "Ion beam sputter-deposition, optical characterization, and
modeling of potassium niobate thin films," Thomas M.
Graettinger, Ph. D. Thesis, North Carolina State University,
Raleigh, NC 27695, 1992.

1.2 Publications resulting from work either fully or partially
- supported by the Office of Naval Research.

I * 1. "Electro-optic characterization of ion beam sputter-deposited
KNbO3 thin films," T. M. Graettinger, S. H. Rou, M. S. Ameen, 0.
Auciello, and A. I. Kingon, Appl. Phys. Lett., 58(18), 1991, pp.
1964-1966.

2. "Ion beam sputter deposition of ferroelectric oxide thin films," T.
M. Graettinger, 0. Auciello, M. S. Ameen, H. N. Al-Shareef, K.
Gifford, and A. I. Kingon, MRS Symposium Proceedings, Vol.
223, Low Energy Ion Beam and Plasma Modification of Materials,(MRS, Pirrsburgh, PA), 1991, pp. 273-281.

1 3. "Investigation of the electro-optic properties of ion beam sputter-
deposited KNbO3 thin films," T. M. Graettinger, S. H. Rou, M. S.
Ameen, 0. Auciello, and A. I. Kingon, Symposium on
Ferroelectric Films, 93rd Annual Meeting of the Am. Ceramic
Soc., Cincinnati, OH, May 1991.
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1 4. "Processing-structure relations for ferroelectric thin films
deposited by ion beam sputter deposition," A. Kingon, M. Ameen,
0. Auciello, K. Gifford, H. Al-Shareef, T. Graettinger, S. H. Rou,
and P. Hren, Ferroelectrics 116, 1991, pp. 35-49.

* 5. "Optical characterization of potassium niobate thin film planar
waveguides," T. M. Graettinger and A. I. Kingon, MRS
Symposium Proceedings, Vol. 243, Ferroelectric Thin FilmsI /I,(MRS, Pittsburgh, PA), 1991 (in press).

6. "Microstructure and process integration of epitaxial ferroelectric
thin films," S. H. Rou, T. M. Graettinger, A. F. Chow, D. J.
Lichtenwalner, 0. Auciello, and A.I. Kingon, MRS Symposium
Proceedings, Vol. 243, Ferroelectric Thin Films 11, (MRS,
Pittsburgh, PA), 1991 (in press).

7. "Electrostatic energy induced 450 rotation in heteroepitaxial
KNbO3 thin films an (001) MgO," S. H. Rou, T. M. Graettinger,
0. Auciello, and A. I. Kingon, MRS Symp. Proc., Heteroepitaxy of
Dissimilar Materials, Spring 1991.

* 8. "High resolution imaging of twin and antiphase domain boundariesI in perovskite KNbO3 thin films," S. H. Rou, P. D. Hren, J. J. Hren,
T. M. Graettinger, M. S. Ameen, 0. Auciello, and A. I. Kingon,
MRS Symp. Proc., Vol. 183, High Resolution Electron Microscopy
of Defects in Materials, (MRS, Pittsburgh, PA), 1990, pp. 285-290.

9. "Characterization of the inverted tetrahedral twin particles in the
heteroepitaxial KNbO3 thin films," S. H. Rou, J. J. Hren. P. D.
Hren, T. M. Graettinger, M. S. Ameen, 0. Auciello, and A. I.
Kingon, Proceedings of the Xllth International Congress for
Electron Microscopy, (San Francisco Press, Inc.), 1990, pp.466-
467.

10. "Processing and Structural characterization of ferroelectric thin
films deposited by ion beam sputtering," M. S. Ameen, T. M.
Graettinger, S. H. Rou, H. N. Al-Shareef, K. D. Gifford, 0.
Auciello, and A. I. Kingon, MRS Symp. Proceedings, Vol. 200,
1990, pp. 65-76.
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* 11. "Deposition of electrooptic thin films," A. I. Kingon, S. H. Rou,

M. S. Ameen, T. M. Graettinger, K. Gifford, and 0. Auciello,
Ceramic Transactions Vol. 14, Electro-Optics and Non-linear
Optic Materials, (Am. Cer. Soc., Westerville, OH), 1990, pp. 179-
196.

12. "Computer-controlled ion beam sputter deposition of
multicomponent oxides," A. I. Kingon, 0. H. Auciello, M. S.SAmeen, C. N. Soble, T. M. Graettinger, and S. H. Rou, Ceramic
Transactions , Vol. 11, Ceramic Thick and Thin Films, (Am. Cer.

I Soc., Westerville, OH), 1990, pp. 47-57.

13. "Computer-controlled ion beam deposition systems for high Tc
superconductor and other multi-component oxide thin films and
layered structures," A. R. Krauss, 0. Auciello, A. I. Kingon, M. S.
Ameen, Y. L. Liu, T. Barr, T. M. Graettinger, S. H. Rou, C. N.
Soble, and D. M. Gruen, Applied Surface Science, 46, 1990, pp.
67-73.

1 14. "Characterization of KNbO3 thin films deposited by ion beam
sputtering using a computer-controlled rotating target holder," M.
S. Ameen, T. M. Graettinger, 0. Auciello, S. H. Rou, and A. I.
Kingon, MRS Symp. Proceedings, Vol. 152, 1989, pp. 175-179.

15. "Ion beam sputter deposition of YBa2Cu307-8: beam induced
target changes and their effect on deposited film composition," M.
S. Ameen, 0. Auciello. S. H. Rou, C. N. Soble, T. M. Graettinger,
A. R. Krauss, and A. I. Kingon, AIP Conf. Proc. No. 200, 1988,
pp95 -.

* A reprint of the papers marked with an asterisk are included in this

report.
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!D DEPOSITION OF ELECTROOPTIC IIN FILMS t

Angus 1. Kingon*. Shang-Hsien Rou, Michael S. Ameen,
Thomas M. Graettinger, Kenneth Gifford and Orlando Aucicllo +

Department of Materials Science and Engineering
North Carolina State University, Raleigh, NC 27695-7907

and

Alan R. Krauss
Chemistry and Materials "cience Divisions, Argonne National

Laboratory, Argonne, ilinois 60439

ABSTRACT

KNbO 3 thin films have been deposited on Si and NtgO (100) substrates
by a new ion beam sputter deposition system. It has been shown that.
by choice of substrate and conditions, a variety of microstructures can be
controllably achieved, varying from polycrystilline to epitaxial single
crystal. In the case of the latter, two defect types have been obsened,
viz antiphase domains and 211-type growth twins. A itructure has been
postulated for the domain boundaries of the former. The relationships
between microstructures and ferroelectric properties can now be
investigated. Preliminary dielectric property measurements were made
of polycrystalline filns deposited on TiN / MgO (100) substrates. In the
case of epitaxial KNbO 3 films on MgO substrates, light has successfully
been coupled into the films, and the films show low scattering losses.I
* Member, Amie:can Ceramic Society
+ Also Microelectronics Center of North Carolina
1 Invited PresentationI
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1. INTRODUCTION

1.1 Background to Electrooptic Thin Filmis

With the present trend towards developing smaller, integrated
optical devices, thin film electrooptic components, such as guided wave
phase modulators for optical switches, appear increasingly attractive.
Electrooptic components fabricated by thin fm process methods display
several immediate and potential advantages, which include: processing
techniques amenable to a wide range of device architectures; potentially
fewer process steps and lower costs; scale of film thicknesses
compatible with requirements for integrated optic devices; lower growth
temperatures; (economic) tolerance for lower growth rates (thereby apotential for increased material quality); and the possibility of "graded"
compositions and tailoring of refractive index profiles.

1.2 KNbO3 as an Electrooptic Material

The material commonly utilized for phase modulators is LiNbO3,
although it does not have the highest figure of merit. 1.2 Rather, its
utilization is due to its convenient fabrication in bulk single crystal form
by growth from the melt. In addition, channel waveguides of cross-
sectional dimensions which match optical fibers are conveniently formed
by Ti ion-diffusion into the LiNbO3 wafers.

U Materials with higher figures of merit exist, although a precise
comparison necessitates definition of the.levice geometry. These
materials includel. 2 KNbO3 (33- and 42- modes), BaTiO3 (51- and
33- modes, and Ba2NaNbsOjs (33- mode).

KNbQ3 melts incongruently, making growth of bulk, high quality
single crystals difficult.3 It has a Curie point of -435°C, and undergoes a
further tetragonal-orthorhombic transition at -225°C. 4 The structural
anisotropy promotes micro- and macrocracking during cooling through the
phase transitions.

It is interesting to note that in the K20 -Nb20 5 system, a
number of compounds have been reported, ranging in stoichiometry from
K6Nb 44OI13 to K6Nb208.5 In addition, deviation from the ideal cation
stoichiometry must be expected. The extent of this non-stoichiometry, of
the form Ki.2xNbO3.y, has not been investigated.

I.
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KNbO 3 is therefore a candidate thin film electrooptic material,
which requires further investigation. This investigation must include the

S . lselection of suitable process methods.

1.3 Thin Film Process Methods

A number of processing methods are currently being explored for
ferroelectric thin films, as discussed in an earlier paper.6 Critical issues
determining the choice include: the processing temperature limits;
substrates and interfaces; defects and microstructures; and variability of
composition and properties. These are briefly mentioned in turn.

Processing temperatures are determined largely by the devices
required. In the case where electrooptic components need to be directly
deposited on Si and GaAs semiconductors, the process temperatures
are limited to typically <6000C. At these reduced temperatures the
mobility of cation species is low, making the fabrication of high quality
single crystal thin films difficult.

The choice of substrate is determined by the device architecture,
the required refractive index mismaich, and the lattice match between
substrate and film (if epitaxial films are required). Direct deposition on
Si and GaAs presents the problem of the lattice mismatch with KNbO3,3 and the formation of amorphous oxide layers at the interface.

For most electrooptic applications, it is likely that epitaxial single
crystal films will be required, as grain boundaries in polycrystalline films
can act as scattering centers, and as a source.of defects. This postulate
has yqt to be confirmed. Lattice defects can yield optical centers and
photocarriers, with the resultant transient currents being detrimental toI the electrooptic device performance. Unfortunately, detailed
relationships between lattice defects and properties, and more generally
between microstructures and properties, have not been established for
these materials. This must remain a topic of research.

The variability of properties from sample-to-sample and batch-to-
batch is an issue central to commercialization of these materials. Tight
constraints are imposed on processing, with the control of cationstoichiometry a well-identified problem.

The two techniques most commonly utilized for the deposition of
electrooptic and other ferroelectric films are sol-gel processing (or a3. variant thereof), and magnetron sputtering. While both techniques

I
U.
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possess a set of valuable advantages, it is important to be aware of their
respective disadvantages.

I Sol-gel films usually utilize spin-on deposition of organometallic
precursors, with film thicknesses k 0.3 gtrn requiring multiple

Ii; depositions. Problems normally encountered are film cracking andI porosity, which can be attributed to large volume changes upon drying, or
.1 upon pyrolysis and loss of the organic component. The process makes
- nucleation and growth of the crystalline filns difficult to control in

comparison with a vapor deposition process, and thus there is difficulty
in producing epitaxial films at comparably low tiemperatures.

Magnetron (or plasma) sputtering has as a major disadvantage
in the fact that the plasma interacts directly with the growing film. In the
case of oxide deposition, this results in the so-called "negative ion
effect' '7 , as well as electron bombardment 8, and inert gas incorporation.
Methods which minimize the negative ion effect 9, inevitably have a
large negative influence on the film growth rate.

In addition, it is common in plasma sputtering to use single
multicompotient oxide targets. The problem of stoicitiometry control in
the presence of preferential sputtering effects has been documented
previously.1 0 While these effects can be minimized in the short term,
the prognosis for commercial-scale processes must be carefully weighed.

Because of the disadvantages mentioned above, new processing
methods for multicomponent oxides are preseqtly being explored. In this
paper we describe the application of a computer-controlled ion beam
sputter deposition technique to KNbO3 thin films, 4nd demonstrate the
extent to which microstructures may be controlled.

2. EXPERIMENTAL

2.1 Computer Controlled Ion Beam Sputter Deposition

The system is shown in Figure 1. The deposition system
consists of a Nb-lined stainless steel chamber turbopumped to a base
pressure of about 1.0 x 10.7 ton', an A&' ion beam of 1.4 keV and 25 mA,
and a quartz lamp heater assembly capable of heating the substrate to >
600C. The system geometry shown in Figure 1 was chosen based on3 previous studies performed on Ar . backscattering and incorporation into

!I
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ton Gun

i Fig. 1. Schematic of the computer controlled ion beam sputter
deposition system.

the growing film.1 1,12 These studies indicate that, for Ar' ions, near
normal beam incidence on the target with the substrate positioned close
to the beam axis results in a minimization of ion scattering from the
target and thus of gas incorporation into the growing film. Further
reduction of deleterious ion scattering effects can be achieved by usingIsource ions of higher atomic mass, such as Kr+ and Xe+. 1,12 The quartz
crystal resonator (QCR) and substrate are positioned symmetrically
about the beam-target (mirror) plane to ensure accurate measurement of
the sputtered flux.

A typical deposition cycle proceeds in the following manner:
*After sputtering from a target, the computer turns the ion beam off, then

activates the stepper motor, which rotates a new target into position in
front of the ion beam. Switching the beamn off in this manner minimizes
possible contamination of the film that may arise from sputtering of the
holder material during the transition from one target to another. As a

I
I
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17E precaution the holder is constructed of niobium. The QCR is then

automatically programmed by the computer to the density value of the
next target material, the thickness reading is reset to zero, and the ion
beam is switched on to sputter the target. The thickness of the layer is
monitored until the programmed set point is reached. This is presently
done with less than 1% variation in layer thicknesses. Typical layer
thicknesses are 1 - 20A at the substrate. The cycle is repeated witheach component until the desired film thickness is obtained. [Further

A:) details related to this novel method will be published elsewhere.] 1 3

2.2 Deposition of KNbO3

Using the technique described above, KNbO 3 films have been
deposited onto either (100) Si or (100) MgO single crystal substrates.
Some samples were deposited on TiN films which had in turn been
deposited on the MgO substrates. The MgO was chemically cleaned and
annealed to remove surface damage. Targets, constructed from K0 2
pressed in a N2 atmosphere and Nb metal, were fitted into Nb retaining
rings and installed on the rotating 'platen shown in Figure 1. The
substrates were heated to between 4500C and 600°C during deposition,
and cooled slowly to room temperature.

For the films reported in this study, computer set points for the
individual layer thicknesses were 10A for the Nb and 20A for each of the
two K02 targets. These layers interdiffuse at the elevated substrate
temperatures to yield KNbO3 in situ. Investigations on reduced layer
thicknesses are currently underway. Depositions consisted of
apprqximately 75 rotation cycles, yieldihg films about 1500oA in
thickness. It is assumed that the deposited potassium species is K20.Films were transparent with a very slight yellpw Eoloration (typical of
KNbO 3 single crystals).

I 2.3 Film Characterization

Films were characterized by x-ray diffraction using Cu Ka
radiation, and by cross-sectional and plan view transmission electron
microscopy using a Hitachi H00. High resolution electron microscopy
was performed on a JEOL 200CX. Special TIM specimen preparation
procedures have been developed, which will be reported elsewhere.14

For samples deposited on TiN / Mgo substrates, impedance was
measured over the frequency range 5-1000 kHz usirg a Hewlett-Packard
4192A impedance analyzer.

I
I
I
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-- KNbO 3 was deposited on Si (100), MgO (100) and TiN / MgO

(100) substrates at substrate temperatures in the range 450 - 600°C.

3. RESULTS AND DISCUSSION

Over a small range of K:Nb ratios, the desired single phase
perovskite KNbO3 resulted. Excess K20 appeared to be evaporated,I . with the surface morphology showing some dependence upon this K20
excess.

Despite varying the K:Nb ratio over a wide range, the only other
phase detected was KNb309. This is in marked contrast to the reported
phase diagram which was determined using K2CO3, in the presence of
atmospheric water vapor.5 Noting the absence of atmosphere in the
present vacuum system and the short interdiffusion distances required
for reaction, it is deduced that a number of the previously reported
phases are stabilized by H20 and / or CO2.

A major objective of the present work was to determine the range
of microstructures which could be achieved. Table I summarizes the
results for Si and MgO substrates..

Table I Summary of KNbO3 Microstructures Observed

35strate Suhstrate Temperature Mierntcturesj
(0C) numbers

Si 500 amorphous
550 micrurytalline,

amorph, matrix

600 polycryst., little
orientation 2

I MgO 500 amorphous
550 mixture non-oriented

and cpitaxial 3
600 epitaxial,tnostlysingle crystal 4,6,7

3 TiN/MgO 600 polycrystalline

I
I,Il
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Selected microstructures are shown in Figures 2-7. Figure 2 is a
cross-sectional TEM micrograph of KNbO3 deposited on Si (100) at3600°C. It is apparent that there is a significant formation of amorphous
SiO2 at the interface. EDS analysis showed no measurable
concentration of potassium in this interface layer. The polycrystallinity
is an expected result of the amorphous interface. Analysis of further

- isamples indicates that the thickness of the amorphous SiO2 layer is
variable, and dependent upon process conditions. The surface roughness
of the KNbO 3 films on silicon is a function of the grain size, and which is
is - 0.5 - 1.0 Am at 600°(C deposition temperature.

Figure 3 shows a plan view TEM micrograph of KNbO3
deposited on MgO (100) at 550°C. The film is polycrystalline, with
some grains displaying an orientational relationship (dark grains) to the
substrate, and with others showing no apparent correlation. This result
is confirmed by x-ray diffraction.; It is interesting to note that at the
same deposition temperature, films on Si are predominantly amorphous,
with sonc randomly aligned microcrystalline regions, about 20 - 30 nm in
diameter. This emphasizes the role of the substrate on the nucleation
and growth process.

Figures 4, 6 and 7 show microstructures of KNbO3 deposited on
MgO (100) single crystal substrates at 600*C. X-ray diffraction and
selected area electron diffraction indicate that the whole film has an
epitaxial relationship to the substrate.

The film appears to have tetragoiial symmetry, rather than
orthorhombic. Selected area diffraction (SAD) of oross-sectional TEM
samples indicates that the c-axis is oriented perpehdicular to the plane
of the film. It should be emphasized that the film is epitaxial to the
substrate, and not simply oriented, as the a and b axes of the film match
directly onto the a and b axes of the cubic MgO substrate. Figure 4
shows a high resolution lattice image of a film in plan view. The
measured interplanar spacings confirm the lattice parameters of a (-b) W
4.0 ± 0.05 A . High resolution images also indicate that there are two
types of defect types present in these single crystal films, viz antiphase
domain boundaries (APDs) and growth twins. The antiphase domain
boundaries represent stacking faults in the cation sublattice, i.e., a
transposition of A and B sites across the bound- and a shift of one
half of a unit cell. An APD has been outlined in .mg. 4. The boundary
encloses a volume element. The concentration of these APDs varies

I
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Fig. 4. High resolution ciecuon microscope irn~1gc of epitaxial KNbO3 on

3 a MgO (100) subs~aie. An APD is outlined.
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both within one film, and from film-to-film. The origin of the stac?4gS i faults could either be due to nucleation of growth at various points within
the film, or (if nucleation occurs = the interface as is desired), then due
to steps and ledges on the MgO substrate surface.

A postulated structure for the boundary is shown in Figure 5.
This postulated structure is expected to be of low free energy. The
niobium retains coordination to six oxygens in an octahedral site, while
the structural inversion occurs around potassium, with four of its
adjacent oxygens in "next nearest neighbor" sites being replaced by a
single oxygen in a "nearest neighbor site". This is considered
acceptable for the more ionic bonds to the A-site K cation, as a local
rocksalt-type structure results right at the boundary. The postulate
that this is a low energy boundary is strengthened by the fact that the
structure emulates half the unit cell of the K2NiF4 structure, which is a
common variant of the perovskite structure. 15 However, it should be
noted that this postulated structure is less favourable for A I  B5 O3
perovskites. This is due to the fact that in the case of the former, there
is a net charge associated with each plane of the (200) type, alternating
in sign, for a net zero charge. In the cake of A2 'B4 €0 3 perovskites, each
plane is a zero net charge. Th7refore, introduction of a APD as shown in
Fig. 5 results in a disruption in the alternating charges in KNbO3 ,
making it significantly less favourable than for tho. case of A2 +B4 O3
structures. The method of compensating for the excess charge at the
APD boundary is KNbO3 is not known, but is presumably by oxygen
vacancies. Computer simulations of the possible structures, including
that shown in Fig. 5, are presently being under.taken.

The other type of defect observed is a growth Swin. This is being
reported in more detail elsewhere. 16 Figures 6a and 6b are plan view
images of these twins. These growth twins hate twin boundaries of the
(211) type. The twins are therefore of inverted tetrahedral shape, with
the triangular base having angles of 71, 71 and 38° . The twins can be
pointed in one of four orthogonal directions. A portion of a twin, the"point", is shown in a plan view high resolution atomic image in Fig. 7.
The boundary is curved rather than being "sharp" down to atomic
dimensions in order to maintain charge stoichiometry.

In the case of these growth twins, it should be noted that the
allowed directions of the polarization vectors differ from those of the
matrix. This will affect the overall dielectric displacement. The effect on
domain wall mobility and thus on switching processes, has not been
established.
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Initial characterization of the dielectric properties of the films
deposited on TiN / MgO has been 1,ndenakcn. Measurements were
made between silver electrodes sputter deposited on the top surface,
and the TiN electrode at the Y.NbO 3 lower surface. These particular
films were polycrystalline. (Details will be reported elsewhere.17) No
dielectric breakdown was observed at the maximum applied fields of
I x 108 Vm-i (1000 kV per cm). The relative dielectric constant
decreased from -100 to -55 over the. frequency range I klz to I MHz.
However, films were lossy, with tan a about 0.1. Although the TiNelectrode contained some oxygen, no insulating interface (for exampleMgTiO4 or TiO2) was observed at the TiN - KNbO3 interface. 17

I In the case of the epitaxial films deposited directly onto MgO
substrates, the coupling of light directly into the film was achieved. The
configuration is shown schematically in Figure 8. For thicker films
(-0.5 tnm). up to four coupling modes were observed. Relatively little
scattering occurs in the film. The analysis of the coupling modes is
presently being undertaken, and will be. extended to direct measurement
of in-plane transmission losses and elechooptic coefficients.

I

i g. . ghresolution image of ep.taxtal 3  nilm in plan view,
showing "point" of growth twin of the type seen in Figs. 6a and
6b.

I
I
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Fig. 8. Schematic of the method for coupling light from a laser source
into the plane of the rlm.

4. CONCLUSIONS

3The conclusions of this work may be summarized as:

a) A new computer-controlled ion beam spitter deposition technique
has been applied successfully to the synthesis of KNbO3 thin films.

I b) Phases observed are KNbO3 and KNb3 08, signilficanfly fewer than
previously reported In a study of the K2CO3 - N 20 5 phase diagram.

c) A variety of microstructures can be controllably produced in KNbO3
films, ranging from fine-grained polycrystalline to epitaxial single
crystal.

d) Polycrystalline films can be produced on Si (100) substrates, with an
amorphous SiO2 interface layer always observed.

e) Heteroepitaxial single crystal films can be deposited on MSO (100)
substrates at 600oC.

f) Two types of defects can be observed in the epitaxial films, viz
antiphase domain boundaries and 1211 ) growth twins. The effect of
these defects on properties have not been determined definitively.

g) The epitaxial films appear to have tetragonal symmetry at room
temperature, rather than the expected orthorhombic symmetry.

I
I
1

I4i
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h) Preliminary dielectric measurements have been performed on

polycrystalline films on TiN /MgO substrates.
j) A laser beam (. = 633 nm) has been coupled into epitaxial films on

MgO substrates. Several modes or overtones have been observed.
Scattering losses are low.

k) Microstructure-property relationships are presently being
determined.
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MIMI RESOLUTION 1IMAGING OF TWIN AND AKTIPliASE DOMAIN BOUNDARIES 31I IN PEROYSKITE KNbO3 TI IN FILMS.

Shang It. Rou . Philip D. Iren. John I. Ilren. Thomas hl. Gracttinger. Michael S. Ameen.
Orlando H. AueieIlo". and Angus 1. Kingon
Department of Materials Science and Engineering. N. C State Uni% ersity. Raleigh. NC.

. "'Alsoi Microelectronics Center of N. C.. Rescatch Tuiangke PaiL. NC.

ABSTRACT

Perovskite KNb03 thin films were heteroepitasially deposited onto (100i 16gO
sabstrates. Twin domains with tetrahedral shape Aere *i pically observed. These
usahedrons were bounded by three 12111 twin planes. High resolution transnmission
electron microscopy (IIRTE161 was employed to examine these 12111 twin boundaries.
Surface steps of I I 101<I 10> type generated by dislocation slip were present on the MgO
substrate. The tetrahedral twin domains originate on surface steps, then grow witha
stacking fault relationship to the matrix. Ihe strain fields of dislocations near the stacking
fatults slightly rotate the tetrahedral twin nuclei. This snuff degree of misalignment between
the matrix and the twin domain result in some of the mwin boundaries having amorphousI boundary regions rather than coherent interfaces.

Order-disorder antiphase domains (APD's) were directly imaged with IIRTEM.
Ultra smaff APDs ranging from 10 to 30 atomnic spacings were observed. The origin of these
AI~s was either the surface steps of 1 101 I0>i type on hMgO substrates or the random

sucleation of anions at either of two equivalent sites on the M~gO subbste.

INRODUCTIONI Perovskite KNbOJ has a pseaucubic %tructure with lattice parameters auh.J 03A.
c-3.9739A. auV9.71. and P-1'=901 at room icetiperature Ill1. Epitauial KNbO3 thin film!.
were deposited onto (I(X)) hMgO substrate. -We observed two types of defects, namely
tetrahedral twin dotmains (TTD's) and antiphaic dtouins (APDsbl. in the helftropitaxial
KNbO3 thin flmns. The orientation difference hetwecct the TT'D's and the matri, mna) affect
the polarization saitching process. The APD boundaries may act as light scattering centers
sod/or lferoelectric domain Aall pinning sites. It is esenfial to understand the origin of
these two types of defects and eliminate thettiIf p %ible. IIRTEMI Aas employed to

investigat the boundary structure of these two t) pes t. defects.

EXPERIM6ENTAL PROCEDUREI Epitauial thin rohns of Kl~bOj wert deposited onto l4111) MgO substrates at 6IEVC
with on unique coniputer-contiolled rotaing-target ion beam sputtering technique 121. Plan

- - view TEM samples were prepared by the usual procedure plus an additional hot
orthopmosphoirie acid thinning step after dimpling. The specitmens were subsequentl) ionI..willed in a liquid nitrogen cold stage using 4 KeV At* ions. at a total gun current of 0 3 mA
for a few minutes (depending on the thickness of the filrnul to tiheain an ularathin area for
IRTE14 examinations. Details of sample preparation procedure are presented elsewAhere

131- Hi1gh resolution microscopy was perfurmed an a JEOL 2(EtC)X TENI at 210 1KeV.

Use . 9. $Imp. P~. Val. ta. * te ne.,ae se ela
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A high resoution electron nmicrograph of the KNhO.t thin hill taken along (1113) nutrix 3
in the vicinity of a TTD is shown in figure 2. This high resolution image with a point to point
resolution of -4A %%as observed in the natrix ition. L~attice fringes with an interplastar
spacing of -2.84A corresponding to I 1101 planes were resolved %%thin the tWn domnain.
The image in the matrix regions is constructed by crossecd fringes or I IMNI and 10101. The
high resolution image *within the twin domtain are Fornwdl by crossed fringes of I1110) and
11201. Because the d-spacing of 11i2o1 is -1.79A %%hih easeecds the resoltion limiit of the
microscope. only lattice fringes are observed. figure 3 illustrat%; the atomic configuration of
a (22 1) TID embedded in the ((XII I matrix. By comparing the atimnic configuration with the
IIRTEKI Image, we deduce the region shown in figure 2 is near a *point- of a TTD. In
addition. twAo twin Plants which bounded this t-Ain region were (112) and 4121). Thus, the
theoretical interception angle is 71". Thib atngle it. roun.led tiff. The local Charge balance is
minimized with this geometric conrtguration. Figure 2 also retcals. that soite regions near
the twin Interfaces show oserlapping of the (1001 cuevssed frisiges and thme (110) lattice
fringes. This suggests that the twin interfaces are iti lined Ait itsli pct to the electrotn beansi
direction. The coherency interfaces between the twin dmiin and the matrix were evidenced
by matching the I1110 1 across the tw in boundaries.

An amotrphous region is found along the twin interface as show~n in figure 2. This
incoherent twin boundary can be attributed to the slight misorietaion between the TID and
the matrix. It is believed that this slight misorientation is induced by dislocations on the
MgO substrate surface. The strain field around the dislocations mray slightly alter the
egtentation of the nuclei and, then, causes thet misoufientation beiten rID's and matrix.
Since the TiD's are Inverted 141, the misswitation. which generates ste%% concentation

Figure 2. IIRi EM mticrolraph of the region near a "pont- of a TI 1). Thi6 region is bounded
by (1121 and 0121) twin interfaces. Amorpflhization region wtas obsersed along the

4112) twin interface as indicated by the arrow **'. Inclined twin boundaries is
indicated by arrow "b".
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alom# the twin interfaces. Is accommIndated bs the lattice %hen the TTD is small. As the
thickness of the thin film increases, the area of the TTD becomes larger. Therefore, stress
cncentration along the twin interfaces builds up. Once the stress concentration exceeds theI ethical limit. boundany armrhizationt occur s.

The misorlentation angle of 2' to 4- is obtained It% measuring the angle between the
il110t TTD and the i 1101 matrit in figure ?. It Is interesting to note that the amorphous
region ih only ot'sened along the 0 121 interface % hile the (2111 and (12 1) Interfaces ateI coherent. The cau'e of this amorphous region along this particular twin interface is not yet
clear. Ilowever. the mistorientation betmeen thc TTP and the matrix induce% stress
concentration along three twin interface,. The sties, relaxation mechanisms atong three
12111 twin interfaces are different hecati-e the atomic configuration between the TTP and
the toauit actoss 4112s swvrn loseifact, is diffeven Itrm ihose across 12))) and 1121) twinI ~Interfaces (figure Ml. The stress concentration restult in separation of the (1121 interface.
The amnorphous trion along this (112) tuin interface is formed to accomimodate the stress
enneetratton. Where the stress can bie accommoda ted by gradual lattice distortion across
the (121) and (2111 twin interfaces. Therefore. the coherency along these twin interfacesI . are maintained.

Figure J3 shows4 a high resolution electron micrograph of the KNbOjj thin film,. Small
domain. sanging from 101 to 3l) atomic %pacings. are Observed In this nuicrograph. Each
adjacent domain shows a half lattiCe spacing shift with respect to each other. This domain
structue Is similar to the antiphase domain 4APDI reported in AuCu3 materials 151. TheI APP*% In the KNt'OI thin films are the retult of random nucleation Of I*'bA nuclei at either
of two equlsalent sites or the surface step, olf arl I fltolC Ill ft pe on Sfgo substrates.
flecams of the small size of the AI'D s euriethat thec density of the nuclei has to be
very high. Attempts to eliminate these APT'% Isy var2 ing processting procedures areI.. eur~ently underay. lPrctiminar results Indicate that the densty of A's Is heavily

dlepedent nn the defect densiry on the substrate surface
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IFigure J. A I~picaI high rewolution tticroP~nuuturc ofi KNh(J~ *thin filmi oing a h~igh de~nsity
of APID's. IAPDD *'a*' shmo an a/2<IIN>%ell int *b* hi ms an *flcI(Nx)>
aJIctI IO> step). The inwreikrn i% a %Lcitt of Ai .IIII * and *Iv".
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lime APO,' structure can be built up gotriically by translation of ,so adjacent
drimains by tither 91~tfl.a2<ll(b. or a10<111:o alth respect to each other. With these 36

* three types of lattice translations. eight possible APD boundaries with two types of
* suucture steps. i.e. ar2cfow> and a/2<IlK), pluls a/20l I(I>. result. The insertion In figure 4

shows the sketch of these two types of steps. Figure 4 shows two representative atomic
eonfigurations of the All) boundary structures. The APD boundary structure shown InI * figure 5a Is obtained mith a lattice tranilation of &/2cIiM> of the bottomn half of the lattice
Sigh MSespct to the top half Of the lattice. Vhilt a lattice trinslation of aild I I I leads to the
APD boundarywstruct hon in figure 5h.

Thi film I(Nbo uas heterveritastially deposited onto a (MO) N110 substrate.

TiYS and AP[Ys wefe observed in the hettepitaxial K%'bO~l thin films. Coherency of the
twin boundaries seve demonstrated with 1IRTEM. A misorientaton between the matrix
and the MI Is most likely responisible for the local amorphous regions along the (I112) twin
boundary. A very high density of order-disnrder antipho-e domains with structure steps of
#fl2<l00> or aflcltW), pin% a2<1 10>~ acros- their boundaries were directly Imaged with
IIRTEM. These structure %ters ate belieted to he partialli induced by th~e steps on the
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MICROSTRUCIURAI. Cl IARACI'ERIZATION 01:TI IEi EPITAX IAI.

appicaion(Il11) KNb0 3 ON (0001I) SAI11llRE3

5. 1. INTRODUCTION:

1 Sapphire is a common substrate employed for deposition of thin filmls for

3optical apiton15.1-5.41 because it is transparent and relatively inexpcnsive.-

compared with most othcr optically trans'parent substrates. Polycrystalline epitaxial

I (Il11) KNbO3 thin filmns were deposited onto c-cut (0001) sapphire substrates using

13the processing technique described in Chapter 2. Elctirooptic neasiemenis were

Meformed using a geometry with the laser normal to the KNbO.1 thin lilm ait with

the aluminum electrodes parallel to the substrate surface. We observedi that tile

I ecctrooptic coefficient for (Il11) l(NbO3 thin films were superior it) that of 1l1c M1X))

3 oriented KNbOj1 thin films 15.51. Therefore, (0001 I) sapphire is an important

substratc for tile deposition of KNbhO 1 tliii films.

This chapter discusses the microstructural characterization of 0Ill) KNbO.1

on ((XX)!) sapphire. Special types of boundaries, which we call multiple positioning

boundaries (MPB's), were observecd within (Il11) 1KNbO 3 thin films. These

boundaries are the rcsult of coalescence of thle grains nucleated (n diffcicnt bilt

equivalent sites. Thle atomic model for these types of MPB's showed a local lattice13 distortion which resulted in a misfit (dislocation at the corners of NIPI. l.o% angle

grain boundaries were also observed within this film. lo)Cal stiain field awl misfit

dislocations were observed along these boundaries.

Plan-view and cross-section TEM samples were prcpiated using a

conventional method described by Sumnmerville et al. 15.61. In addition. lacquer was

appllied onto the thin film side of thle platn view sample to avoid the redero(sitioti of
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molybdenum during ion milling. Warm acetone was then emlo)yed to tctilove the

lacquer after the TEM sample developed perforation.

5.2. RJ3SULTS AND DISCUSSION:

A selected area diffraction (SAD) pattern (figure 5-1a) was taken with the

electron beam parallel to the sapphire 100011 ione axis. The (0)(11) saip1hire and

the (ill) KNbO3 were indexed using this pattern as illustrated in figure 5-lb. This

SAD pattern demonstrated that the KNbO3 thin film was epitaxially grown onto the

sapphire substrate with tile following ofientation relationship:

(I 1l) KNbO 3 # ((XX)I) sapphire and I 1101 KN( f/l I I l(N)l saphie

This epitaxial relalionshii Ieitll s inl . latllic nuatlchiig I ;wtl onl the ctotld

nearest neighbor atom between the c'verlaycr and Ihc stibstrtt. Allbtigh the

second order epitaxy is not the most energetically favorable match,. tile resultant

small lattice imismalch minvizcs the total interfacial energy.

We noticed that the KNO).; thin filmn diffraction SotS ' c1¢ ( iu'llIMenlially

elorgaletl suggesting polycrystallim niature )f the film. I lowevei. %%c only observed

the (111) KNbO3 diffraction pattern indicating that each KNb()j laill is epilaxial

with respect to the substrate, and these epitaxial grains have a small in-plane

I orientation deviation among themselves.

Figure 5-2 shows the IIRTEK! micrograph of (ill) KNbO 3 on ((K0)

sapphire. Morie' fringes combined with lattice fringes were observed within the

same micrograph. As we know. Moire' fringes reveal tIhe periodicity of misfit

between two overlaying crystals 15.71. The spacing of the loine' fringes is

approximately equivalent to eleven lattice fringes and is close to the theoretically

predicted. It was noted that the lattice fringes exhibited a wavy charactciislic. This

could be attributed to a slight rotation between the KNhO.j thin film anid th saliphireI
--
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substrate. Defects on thc substrate surface, which generate strain field and

subseqyenfially distort lhe structure of substrate surface, are suspected to be lthe

cause for this lattice rotation. This rotation of the cpiaxial graiiis is consisteilt with

the circuniferentially elongatcd dtiffrr.'i ion spots shown prcviously.

A cross sectional TEM micrograph is shown in figure 5-3. A shaq) imerface

was observed between the KNbOj thin film and the sapphire substrate. This

electron micrograph of the KNhO3 thin film exhibited a polycryst alline type of

contrast. The contrast could again be explained by a small omientatiol d.viation

among those epitaxy KNbO3 grains. Because of lhe small orielaigion (le\viation

among these KNbO 3 grains where lhe exact Bragg's condition could not he satisfied

for some of the grains. This obseration is consistent with the SAl latte, n from a

plan view TEM sample which shows circtnmferentially clongated KNh )3 diffiaction

spots.

Top surfaces of (I ll) KNI) 3 thin films were observed 14) be rough as shown

in figure 5-3. This can be an indication tha the (i 11) KNI)( 3 is not the most

thermodynamically stable plane. One pcossible mechanism for fouaming this rough

surface during growth is that once planes with other orientations, " hich are more

thernodynamically stablIf than (I I I ). appear, growth from these l m a. dosminates.

-- Therefore. the (111) KNbO3 thin film exhibits rough surface with faceting.

Orientation of these facets on the surface of the (I I I ) KNbO3 thin filmu is close to

<O0> zone axes of KNbO3. The faceting of surface has been reported for the

deposition of diamond thin films 15.81.

In general, the most close-packed plane is the most theimodynatically

stable plane 15.91. In perovskite structures, ll( )) planes have an interplanar

spacing between the two nearest identical cation planes equivalent to the lattice

constant of the pseudo-cubic unit cell. Similarly, the interplanar spacing f )r two

11
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(Il I planes having identical cation ion is equal to 4J3/3*. 'I lie schematic

comparison is shown in figure 5-4. Since the interplanar spacing is liptrional to

the atomic density of the rarticular plane, thec (IMX) planie is more clkse-paicked than

the (Ill1) plane and thermodynamically more stable. This can explain [lie

observation of the (1(X) facets on the epitaxial (Ill1) KNbO3 thin fill. Thin I'fims of

(100)) KNbO3 on (1(M) MgO 15.101 had a much smoother surface and a better

uniformity than (Il11) KNbO3 on ((XXMl sapphire. This rough surface witl) faceting

or the (Ill1) KNbO3 thin film can lie a serious drawback for channel waveguide

applications.

Special types of boundaries were observed within the (I 11I) K NbC)3 thin

films. They are called multiple positioning boundaries (MPB's). These botundaries

are formed as a result of coalescence of two adjacent grains which are initiated at

equivalent but different positions on the substrate surface. Nl1V1s are unique to

epitaxial O~n films 15.111. The most common type of hMPB is the douie positioning

boundary (DPB). This lour.-dary is generated wheni 0Ill) deplosits aie clpitaxially

grown onto a (Illf) or ((XX)) substrate. It is namned "double po~ilioning" because

two equivalent but different nucleation positions are present oil the substrate

surface.

Epitaxial thin films of (Ill1) KNbO3 were deposited onto (0(X)l) sapphire

substrate. MPB's were observed within the epitaxial (Ill1) K NbC) 3 thin film.

However, because of the special epitaxial relationship, a much more complex system

of MPB's was observed.

In order to understainj the MPO system within (Ill1) KNb0j tin films. its

layer structure andi slackinig %ectie are desci ihwil first (figite 5 5). hFach

idividual layer contains only one cation eletuent, K or Nb. Eacht Nb atom resides

within a tetrahedral site of K sublattice and vice versa. These lay'ers are arranged
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with an alternate KNbKNb sequence. Because KNbO, is cubic, the site sequence of9 the (111) KNbO3 layer structure is arranged with an abcabc fashion. A typical

stacking sequence for (11) KNbO3 . which combines atomic and site sequences, is

shown as follows:

abc a b c a b c a b c abc a bc a b c
K NbK Nb K Nb K Nb K Nb K Nb K Nb K Nb K Nh K Nb K.

The layer structure of (0001) sapphire substrate shows that each layer

contains only cations (Al) or anion (0). Because of the relative stabilihy of the 0

layer over the Al layer, we surmise that it is oxygen, not aluminum, planes present

on the sapphire substrate surface.

In order to simplify our analysis, we assume that the substrate surface was

perfectly flat without a step. Furthermore, we ignored the energy dliffeentces by first

overlaying either a K-O or a Nb plane on the sapphire substiate s trface. Because

Nb was the first component that was deposited onto the substrate sui face., therefore

the Nb plane was chosen as the first overlayer. This assumption tma)- ,14t be a valid

one because there are potassium aluminate compounds 15.12-141 % ith small lattice

mismatches (< 7%) with respect to the sapphire. :u;ther experiocnintal efforts are

i required to determine the role of interfacial chemistry in deposition of KNbO 3 on

sapphire. In addition, the ((XX)I) sapphire substrate is hexagonal; thus the cations

Nb are energetically most stablc sitting in the tetrahedral sites oi the substrate

surface.

As we mentioned previously, the overlayer (I I I) KNbO3 exhibits a second

order epitaxy with respect to the substrate. This epitaxial relationship leads to

eight equivalent, but different nucleation positions on the substrale surface, as

illustrated in figure 5-6. These eight nucleation positions can be divided into two

groups. Each group contains four positions which show a <1 10> tanslalion within

grup. gru
pg
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the I I I plane relative to each other on tile substrate surface. And, the difference

between the two groups is that there are two equivalent tetrahedral sites on the

substrate surface. The slacking sequences for the nuclei, which initiated at eight

equivalent but different positions on the substrate surface, are shown in figure 5-7.

Islands of (I ll) KNbO3 randomly nucleated at eight equivalent but different--

positions on the (0001) sapphire subsirate. As the islands grew larger, they

eventually coalesced. A total of twenty eight different types of boundaries was

generated. Because these boundaries were formed due to the eight different but

equivalent positions available on the substrate surface, the proper name for tlte[) is

5 "octuple positioning boundaries". Depending on the origination of nucleation

positions for each two adjacent grains, these NIPB's can be divided into three types,

U translational, double positioning, and translational double positioning botundaries, as

depicted in table 6-1.

The first type of boundary, translational, results from two adjacent grains

- nucleated at same sites but with a <1 10> translational relationship with rel 'ct to

another. Because stacking sequences for these two adjacent grain.% aie itlhiuical, no

difference could be observed within the reciprocal space. IloeCver, with the

translational relationship between two adjacent grains and the discotmtinutity of the

lattice periodicity near the botinday. we expect to ollselve te coli Ill.l alld -In

5atomic step at the translational boundary.

The second type of boundary, double positioning, results fiom two adjacent

k grains which nucleate from different sites and exhibit no translational relationship.

Figure 5-8 illustrates the layer structure of DPB. Stacking sequences of these two

adjacent grains across this DI1B are different, so it can be distinguished in the

ireciprcal space along certain orientations. In fact, these two adjacent grains exhibit

a twinning relationship with respect to each other.
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The third type of boundary, translational double positioning, results from two

_ adjacent grains which nucleate from different sites and also exhibit a <1 10>

translation relationship relative to each other. Because these two adjaccnt grains

'3 have different stacking sequences and a discontinuous lattice periodicity across the

-[i boundary, these translational double positioning boundaries could be r,:-'caled in the

reciprocal space and exhibit an atomic step when crossing tie boundaries.

13A SAD pattern (figure 5-9a) was taken along tile 110101 sapphire zone axis.

The illusLration is shown in figure 5-9b. Indices were assigned to two sets of I 1101

"'3 KNbO 3 and the (1010) sapphire substrate. These two sets of (I 10) KNbO3

electron diffraction patterns had a twinning relationship because a mirror reflection

was exhibited across the I I I I I Bragg's reflection. We, therefore, know from figure

5-9a that either the DPB's, translational lPl's, or/and the I III) twin boundaries

are present within this KNbO3 thin filmii. A dark field image (figure 5 10), which was

taken using a 110 Bragg reflection, revealed the contrast variation across t"c DPB

or the translational DPB within the KNbO 3 thin filn.

The atomic configuration of a I)1B viewed along the sapphire I 11)101 zone

axis is shown in figure 5-11. It is clearly shown in this schematic (hawing that the

DPB was formed by the coalescence of two regions with diflercut s tcking

sequences. The mirror reflection was observed across this DPB. Wc k ow that this

mirror reflection was the result of two different stacking sequences on the substrate

surface. Double diffraction spots were observed in figure 5-8a. This stiggests that

the DPB's are not edge-on along this viewing orientation.

A possible translational boundary is shown in tile dark field micrograph

3(figure 5-12). This micrograph suggests that two regions on both sides of the

boundary had an identical orientation (stacking sequence) because no contrast was

observed on both sides of the boundary. In addition, the contrast was enhanced
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along the boundary. Based on our previous analysis, the contrast that vc observed

3 along the boundary could indicate that it is a translational boundary.

A high resolution electron micrograph (figure 5-13), which revealed two

boundaries, X and Y. was taken with an electron beam parallel to the KNhO3 I I

zone axis. The lattice exhibited a perfect periodicity across the xun, lary X. This

perfect periodicity indicated that the boundary X is a DPB. Furthermore, this

3 boundary exhibits a preferred direction along 12111 which is a characteristic feature

for DPBs 15.1 Ii. The lattice showed an alomic step across the boundary Y. These

3 atomic steps along this boundary strongly suggest that it is either a translational

boundary or a translational DPB. We also observed from figure 5 13 that Ml1B's are

not straight.

5 Figure 5-14 shows the proposed layer structure for I)PB along <2I I>. With

the proposed boundary structure, we found that the cations were unevenly

I distributed along this boundary. It is rather surprising ahat the IIR'I'I-M imare of the

DPB shows no lattice distortion with a minimum contrast. I lowevel, figure 5-13

shows that a slightly larger disorder region is exhibited near the translational

3 boundary or the translational DPB compared with the region ncar the I)PB. This

observation suggests that the translational boundary or translational )l'B is more

3 energetic than the DPB.

Figures 5-10 and 5-12 revealed that the MPB's were wavy. hi addition, the

facets along these boundaries were ( 10) and (100) oriented. The teason for this

3 wavy feature is not yet clear. Further detailed analysis is underway to understand

these types of boundaries.

-- Multiple positioning boundaries are usually very energetic because of their

incoherence 15.111. Fullman 15.151 has performed a theoretical calculation to

I determine that the DPB has about 2/3 of energy of a high angle gran boundary.

I
I
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Furthermore, Kong et al. 15.161 have reported that a high density of stacking faults

3 was associated with the DPB. However, the high resolution micrograph (figure 5-

13) shows a minimum contrast along this boundary. This result suggests that the

I DPB's within this material are not as energetic as we expected. The rcLItively low

energy state could be because stability of KNbO.j lattice is detemined by locations

of Nb ions. As we can see from the atonic configuration (figure 5-14), :111 the Nb

3 ions remain within octahedral sites of oxygen sublattice, which is the most critical

requirement for a stable KNbO3. Therefore, Ihese boundaries are rclatively stable.

U To our knowledge, no one has explained why multiple positioning lX)undaries

prefer the <211> orientation. Researchers 15.171 have reported that ecaise of the

incoherence of these types of boundarics, they are highly mobile in snle of the

3 material systems. We believe that the motion of the I )PIs took place via a

diffusion process. As we can see from figure 5-14, with a <21 I> preferrd

orientation, the cations along these htndaries were arranged in a lashion % hich

favored the movement of the boundary. The cations only need to hop a'6 <21 I > in

order the 1)PB's to move. Minimum contrast and less distortion %etc o)served(

3 along the <211 > boundary.

A misfit dislocation, as indicated by the arrow in figure 5-13, was observed at

I the conter of the DPB. The atomic arrangement near the corner of the )I'I is shown

in figure 5-15. As we can see from this atomic arrangement, a lattice mismatch

occurs when the DPB's turn from one 1211J to another. This misfit dislocation was

3 generated to release lattice mismatch at the corner of the DPR. This misfit

dislocation may play a very important role in controlling the novement of the lIlB's.

3 Effects of these types of boundaries on the ferroclectric and clectrooptic

prperties is not known yet. H lowevcr, tie uneven distribution of the atomi.c d i sity

at the MPB's may shift cation atoms and generate a permanent dipo|le moment.

I
I

.... .. . . . . .I 11 r. ~:nu lg : :
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This residual dipole moment may act as either a fcrroelectric domain nucleaionsite

3 or a pinning site for tile ferroelectric domain wall. We anticipate that the birefrigent

shift will be affected.

3 Because of the smiall orientation deviation among those epitaxial grains, low

angle tilt boundaries were observed within this thin film. Figure 5- 16 shows the

I HRTEM micrograph of a low angle grain boundary. The two adjacent grains on both

sides of this low angle grain boundary can, but do not necessarily, exhibit different

stacking sequences. The tilt angle between these two grains is approximately 3 .

3 The orientation of this low angle tilt boundary is also close to 12111 KNb) 3 . This

could be an indication that the adjacent grains exhibit different stacking sequences

3 on both sides of the low angle tilt boundary. A strain field was observed along the

turning corner of this low angle tilt boundary. This strain contrast could Ie the result

of a combination of the misfit induced by the two adjacent grains with different

3 stacking sequences near the corner of the turning point and the angle mi1sfit between

Iwo grains.

3 The dislocation array was arranged in a linear fashion. The c(,,te strktture of

the dislocation can clearly be seen in figure 5-16. It is worth iioting that no

amorphous phase was observed within this 12111 low angle tilt boundary.

5.1. CONCLUSIONS:

'U The following conclusions can be drawn.

.. NI . Epitaxial (111) KNbOj thin films were deposited onto (4)00) sapphire

substrates.

2. The (Ill) KNbO 3 thin films were polycrystalline with individual grains

maintaining an epitaxial relationship with respect to the substrate.
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3. The surface facets of (I(X)) appeared on the top surfice of tihe thin film because

the ((X)KNbO is the most close-packed plane for KNbOj.

4. Multiple positioning boundaries were observed within (Ill) KNbO3 thin films.

The MPB can be categorized into three types, translational, double positioning,

and translational double positioning boundaries.

5. lligh resolution TEM revealed the contrast along the DPB's and that the misfit

occurs at the turning corner along the DPB.

6. Low angle tilt grain houndaries were formed within the (111) KNbO3 thin film,

and the core structure of the misfit dislocation was observed.
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Figure 5-1 a) A SAD pattern with the clectron beam along sapphire I(X)O I zone

axis.
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Figure 5-4 Illustraion o ithe intcq)lanar spacings for a) ( 11I) KNbO3 and b) (100)
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Fig ue 5-5 Layer struclurc of KNI)O3 viewed along I I I zone axis
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Translation
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Figure 5-6 Illustration of two groups of equivalent bitt different nucleatioln site$on ste substraute surface.
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Boundary Boo itlaryi)D"gJslt(ilIP

tSite Same D~ifferent lDiffelent

STransation <1 I0> No <1 I0>

Neinshr of1242

Possibility1242

c ct c cI ct  cI cz
Typical 111 112 .. 11 a t  111 82

Example at 12 8l 111 at 1)

ISu|bslrate SubSilate Sulhsulate

k Table 6-1 Different types or multiple positioning Ixmndarics.
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It Figure 5-4 The siacking sequence for a )PB.



* 59

1*100

0003

if
Siuc - A atr ln tesphr 111zn xs



60

V, A10
Fiue3V0Adr il irgaho ~b3uigaI1 elcin hwn h



61

Double Posiliontrg Boundary

.-- !O o
• " 0 Nb

0OK

.a---

~Sapphire Substrate
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Chapter 5

Reprinted from

"Electro-optic characterization of ion beam sputter-deposited KNbO3 thin
films," T. M. Graettinger, S. H. Rou, M. S. Ameen, 0. Auciello, and A. I.
Kingon, Appl. Phys. Lett., 58(18), 1991, pp. 1964-1966.
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Electro-optic characterization of ion beam sputter-deposited KNbO3
thin films

T. M. Graettinger, S. H. Rou, M. S. Ameen,*) 0. Auciello,b) and A. I. Kingon
Department of Materials Science and Engineering North Carolina State University Raleigh. 68
North Carolina 27695-7919

(Received 31 October 1990;, accepted for publication 5 February 1991)

The electro-optic properties of potassium niobate thin films deposited using a
computer-controlled ion beam sputtering technique have been studied for the first time.
Epitaxial and polycrystalline films were deposited on single crystal magnesium oxide and highly
(0 11) oriented films were deposited on sapphire for the study. All films exhibited a
quadratic-like dependence of birefringence shift on the applied electric field. The microstructure

of the films and its relation to the observed electro-optic properties is discussed.

Ferroelectric materials are currently receiving much package LabView' that converts the resonator feedback to
attention in electronic materials research. One subset of the amount of material deposited from the target. When
particular interest is those materials suitable for integrated this amount reaches a predetermined setpoint, the ion
electro-optic applications. This class of ferroelectrics in- beam pulses off, the high-vacuum stepper motor rotates the
cludes the well known materials barium titanate, lead an- next target into position in front of the ion source, and the
thanum zirconate titanate (PLZT), and lithium niobate as ion beam then pulses back on. Layers of Nb and K are
well as potassium niobate which is reported in the present deposited repeatedly with interdiffusion between the layers
study. occurnng until the desired film thickness (typically 2000-

Potassium niobate has been identified as a candidate 6000 A) is reached. Adjustment of the computer parame-
for high-speed electro-optic applications. It possesses a ters, and thus the thicknesses of the Nb and K layers,
high electro-optic coefficient (Q42 = 380x 10- f2 m/V)1  allows fine compositional changes to be made in deposited
and a moderate dielectric constant (e42 = 137),' both de- films.
sirable characteristics for high speed applications. These Substrates are mounted on an inconel plate which is

properties rank KNbO 3 at the top of Tuttle's figure of mounted on top of a furnace assembly. The heater element

merit comparison2 and Holman's device-level analysis 3 cr is a 500 W quartz lamp which is capable of heating the

materials in this class including barium titanate, PLZT, surface of the substrate to 800 *C. A type R thermocouple

and lithium niobate. Large, high-quality crystals of is secured to the surface of a dummy substrate which is

KNbO3 have been difficult to grow, with the greatest suc- also mounted to the surface of the inconel plate. Films
cms coming from the top-seeded solution tchnique.4  have been grown on substrates of single-crystal MgO andThin-fim processing techniques offer several advan- sapphire as well as fused silica and SiO2/Si at deposition
tages over bulk crystal growth in the fabrication of optical temperatures between 450 and 650 *C.qaity overbulk crysalegroth ind p e fabricationalopticFilms are routinely analyzed using x-ray diffraction
quality KNbO3. These include precise compositional con- (XRD) following deposition to determine the crystalline
trol and the ability to utilize low growth rates. Thin-film nature of the films. Energy dispersive x-ray spectroscopy
vapor deposition will not limit compound formation to for- (EDS), scanning Auger electron microscopy (SAM), and
mation from K20-rich phases, as is the case for bulk crys- Rutherford backscattering (RBS) techniques have been
tal growth. The lower growth rates can lead to lower defect used for compositional analysis. Transmission electron mi-S densities and improved compositional control. croscopy (TEM) has been used for further microstructural

A computer-controlled ion beam sputter deposition characterization.
system has been developed for the fabrication of thin film Electro-optic measurements have been made on films
oxide materials.9 For the synthesis of KNbO3 A sequential deposited on transparent substrates so the laser light can
layer-by-layer deposition scheme is used. Very thin (5-20 pass perpendicularly through the films. Two I mm X 5 mm
A) alternating layers are deposited by sputtering metallic aluminum electrodes I mm apart were sputter deposited on
Nb and pressed powder potassium superoxide (K0 2 ) tar- top of the films for these measurements. An electric field
gets held in Nb rings and mounted to the arms of a rotating up to 3 kV/mm could be applied across the electrodes
target bolder. At the deposition temperatures used, typi- using a high-voltage power supply. The relative shift of the
eally 450 to 60 *C, these layers interdiffuse and react to phase retardation is measured versus applied voltage using
form KNbO3 films. the system shown in Fig. I which was adapted from the

A quartz crystal resonator (QCR) provides continu- work by Adachi et al.7

am deposition feedback to a system control computer. A Single-crystal MgO(100) substrates have been used ex-
deposition program has been written using the software tensively for the deposition of KNbO3 thin films. By ad-

justing deposition parameters a series of KNbO 3 micro-

"rmly Materials Remarch Qmporst , Ominateio NY 10%2. structures have been produced. This series of films has
"Abo Mleelectronics Carer of North Carolina, Raeich Triangle been critically analyzed and the microstructural defects

Park. 4C 277m03. characterized.,'9 Substrate temperature during deposition
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HOgh VoWlu TABLE 1. Comparison of KNbO3 to other thin-film electro-optic mate-

rials.

lo,, e/ /1 Estimated
Ppa tfIe /. @ si odjdes Film, orientation R (O "mn/V')69 dielectric constant

IW.Ne4mW Lw PLZT (28/0/100) (111) 0.5-6 2000
,1.A A)) PLZT (28/0/100) (100) 4.43 2000

Kb03 Wonlamon PUZT(9/65/35) (110) 0.55-t0 1000ilm Primn KNbO,, (111 !) 5.5 < 100

KNbO3. (100) 0.09-0.3 < 100

I- E ---- -

Amplific, where A. is the wavelength of the laser (6328 A) and d is
the film thickness. Figures 2(a), 2(b), and 2(c) show the
birefringence shift plotted versus the applied electric field

FIG. 1. Configuration of the optical system used to measure the birefrin- for KNbO3 films deposited on MgO substrates. Figure
IV= sift celectro-optic thin films. 2(a) shows the result for a polycrystalline KNbO3 film.

This film exhibited some hysteresis as the electric field was
has been found to play the most important role in deter- applied and removed. Hysteresis of this type is common in
mining the microstructure of deposited films. KNbO3 films ferroelectric materials and arises due to ferroelectric do-
deposited at 500 "C on MgO have been amorphous. By main wall motion. However, the magnitude of the observed
raising the substrate temperature to 550 "C polycrystalline birefringence shift is small for these polycrystalline films.
films were produced. The grains were approximately 0.5 Epitaxial KNbO3 films deposited on MgO were mea-
pm in size and some grains possessed an epitaxial relation- sured and the results are.presented in Figs. 2(b) and 2(c).
ship to the substrate. Fully epitaxial, mostly single-crystal The magnitude of the birefringence shift is greater than the
films were produced at 600 C. Tetrahedral twin domains case of the polycrystalline films. A slight increase in the
have been found to be present in these films. 9- 0 The num- magnitude of the birefringence shift is observed for the
ber of twin domains present in the films has been directly films deposited on MgO substrates that have undergone the
correlated to (1 10) steps on the MgO surface. Therefore, a surface preparation procedure. These findings support pre-
surface preparation technique has been developed consist- liminary conclusions that the observed inversion domain
ing of a chemical etch followed by a high-temperature an- boundaries and/or tetrahedral twin domains inhibit do-
neal that reduces the number of these steps and, hence, the main wall movement in the films, thus decreasing the mag-
twin density in the films. nitude of the eleCtro-optic effect.

High-quality films have also been deposited on Si/SiO2  Crystal orientatibn is primarily determined by the sub-
and sapphire (0001). Again, substrate temperature was strate. Films deposited on sapphire were highly oriented in
found to be the most important parameter influencing the the (Ill) direction allowing for the measurement of
microstucture of KNbO3 films. At 500 "C films deposited KNbO3's electro-optic properties in a different crystallo-
on Si were amorphous. Microcrystalline KNbO3 in an graphic direction than the (100) films on MgO. Figure
amorphous matrix resulted from a Si substrate temperature 2(d) shows the electro-optic characteristics of the films
of 550 "C, and polycrystalline films exhibiting little orien- deposited on sapphire. The (I l) orientation of the films
tation were deposited at 600 'C. makes use of the shear modes of the electro-optic tensor for

KNbO3 has been deposited on sapphire (0001) sub- KNbO3. In the case of the reported linear electro-optic
strates at 600 *C. These films were highly (I l I) oriented. coefficients, it is the sl'ear modes which have the largest
Growth-related stacking faults which lead to multiple po- values. Figure 2(d) illustrates that the birefringence shift
sitioning boundaries have been found in the microstructure at 2 kV/mm is an order of n agnitude greater for the films
of these films." In addition, local strain fields and misfit on sapphire than for films on MgO. This result compares
dislocations were observed along low angle grain bound- very favorably with previous measurements by other inves-
aries. tigators of PLZT films.' 2 "3 Like the polycrystalline film on

For measurement of the electro-optic properties, light MgO, the film on sapphire exhibited hysteretic behavior,
was passed through the films perpendicular to the film though to a greater extent in the latter case. Table I com-
plane. Measurements were thus limited to films on trans- pares the effective quadratic electro-optic coefficient R of
parent substrates, i.e., films on MgO and sapphire. He-Ne PLZT thin films found in the recent literature with the
laer light was polarized at 45' to the direction of the ap- KNbO3 films studied here assuming a quadratic depen-
plied electric field and passed through the film. Two pho- dence on the applied field. No direct comparison is made to
todiodes were used to measure the rotation of the angle of bulk KNbO3 since only linear coefficients have been rou-
polarization. A0. The phase retardation, AB is found to be tinely reported for single domain material. As the films
twice AO. The birefringence shift A(An) can then be cal- studied are multidomain material and domain reversal is
culated as expected, the quadratic-like dependence of birefringence

shift on applied field is expected. In addition, Table I con-
£(An) -AA&f2wd (I) tains estimates of the dielectric constants for these films.
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ia) Combining the low dielectric constants of KNbO3 with the
electro-optic coefficients which are comparable to PLZT,
makes KNbO3 films better suited for high-speed switching

&4' applications. 70
04,0' ". In summary, high-quality KNbO3 films were deposited• * on silicon, sapphire and single-crystal MgO substrates us-

4.040, ing a computer-controlled ion beam sputter-deposition sys-
.•tem. Thin layers of niobium and potassium superoxide

(KO 2 ) were sequentially deposited and continuously inter-
0.10 ' ",diffused at the chosen substrate temperatures to produce- .2 I 0 2 3 films of potassium niobate. The birefringence shift of all

AIED.It FI.D. Lam.
KNbO3 films was measured and displayed a quadratic-like
dependence on the applied electric field, as expected for
multi-domain material. Crystal orientation, determined via

0, , . the substrate type (MgO or sapphire), has a very large4b) effect on the birefringence shift measured. The microstruc-
i.0'• tural defects also influence the shift, but to a much smaller

extent. KNbO3 films on sapphire showed the largest elec-
.0 1 tro-optic effects and compare well with PLZT films fabri-I cated by other groups. This effect combined with the rela-I " 0.10* tively low dielectric constant of KNbO3 makes these films

strong candidates for high-speed switching applications in-0 the future.
The authors would like to acknowledge the Office of. . . . . . Naval Research for support of this work, the National

0.'IED FI.L,0 h,= Defense Science and Engineering Graduate Fellowship
program for support of one of the authors (TMG), Ley-
bold Inficon for use of a prototype quartz crystal resonator,

701, Dr. Klaus J. Bachmann for helpful discussions concerning
'c.i the optical measurements, Dr. C. E. Land for useful dis-

cussions about ferroelectric properties, and Dr. Alan R.
Krauss for fundamental contributions to the development

S0.010, of the ion beam sputter-deposition technique.
30'Landolt-Bornstein, 

New Seri, Group III (Springer. New York,a~o' 1981), Vol. 16, pt. A.
10''B. 

Tuttie, MRS Bulletin Oct./Nov., (1987), pp. 40-45.
sg~i t' 3R. Hohnan. L Althouse Johnson, and D. Skinner, in 1roceedings of the

Sixth IEEE International Symposium on Applied of Ferroelecirn
° * 1 .1 15(IEEE, New York. 1986) pp. 32-41..2 -i.s .1 -05 o 06 1 1.5 2 'W. Xing, H. Looser. H. Wiest, and H. Arend, J. Cryst. Growth 78,431alur.) ni.., Wm (1986).

'A. I. Kingon, S. H. Rou, M. S. Ameen, T. M. Gracitinger, K. Gifford,0. Auciello, and A. R. Krauss, in Ceramic Transactions, Vol. 14: Ekc-2040, trooptics and Non-Linear Optic Materials, edited by A. S. Bhalla, E. M.id) Vogel, and K. M. Nair (American Ceramic Society, Waterville, Ohio,

1990). pp. 179-16.
'National Instruments Corporation, Austin, TX 78730-5039.
'H. Adachi. T. Kawaguchi, K. Setsune. K. Oi, and K. Waa, Appl.S. I~

s  • Phys. Wet. 42, 867 (1983).

11 A. I. Kingon, M. S. Ameen, 0. Auciello, K. Gilard. H. Al-Sharei. T.a"• , \ / M M. Oraettinger, S. H. Ru. and P. Hren, Second Symposium on Inte-
• . grated Ferroelectrica, Monterey, March 1990 (to be published in J.

4e, ' • Ferroelectrics).
9S. H. Rou, J. J. Hren, P. D. Hren, T. M. Graeuinger, M. S. Ameen, 0.

94. • Auciello, and A. I. Kingon, Materials Research Society Symposium
Proceedings, Vol. 183 (MRS. Pittaburgh, PA, 1990), pp. 285-290.-3 .2 -I 0 2 3 S. H. Rou, J. J. Hren, P. D. Hren, T. M. Orttinger, M. S. Ameen, 0.

APPLIED FIELD. Wma Auciello, and A. i. Kingon, Electron Microscopy 1990: Proceedins of
the Xlih International CongreJs for Eletron Microway, Vol. 4. Ma.
teril Sciences (San Francisco, San Francisco, CA. I90), pp. 466-467.

"S. H. Rou (unpublished).PI. 2. The birefrinence shift is plotted vs applied Aeld for (a) poly- 11M. hhida, S. Tsuji, K. Kimuram H. Matunami. and T. Tanaka, J.aytwallie KNbO, a MSO, (b) epitaxisl KNbO, on unprepared Cryst. Growth 48, 393 (1978).
4t0} MjO, (c) epitaxial KNbO) on prepared (100) MgO, and (d) "H. Adachi, T. Mitsyu, 0. Ymaald, and K. Waa, J. Appi. Phys 40,
h III) enmied KNI~b on (0001) apphire. 736 (1986).

IlSO Appl. Phys. L., Vol. 66. No. 18.6 May 1991 Graetlnger al. 1io6n



I

* 71

I
I
I

Chapter 6

Reprinted from

I "Optical characterization of potassium niobate thin film planar waveguides,"
T. M. Graettinger and A. I. Kingon, MRS Symposium Proceedings, Vol.
243, Ferroelectric Thin Films II,(MRS, Pittsburgh, PA), 1991 (in press).

I
I
I
U
I
I
I
I
I
U



OPTICAL CHARACTERIZATION OF POTASSIUM NIOBATE THIN FILM PLANAR
WAVEGUIDES

THOMAS M. GRAETTINGER AND A. I. KINGON

North Carolina State University
Dept. of Materials Science and Engineering
Raleigh, NC 27695-7919

ABSTRACT

I Initial results of the waveguiding properties of KNbO3 thin films are presented. Therefractive indices of epitaxial films deposited on single crystal magnesium oxide substrates havebeen measured. Additionally, these films have been used as the basis for modelling a potassiumniobate thin film phase modulator. Results of the model are compared with existing technology.

I INTRODUCTION

Ferroelectric materials possess great potential for use in integrated optics due to their strongelectro-optic and non-linear optical effects. Thin film fabrication methods for these materials arecurrently the subject of much study. High quality, transparent, low loss films must be grown forapplication into device structures. An important parameter in determining the quality offerroelectric thin films is the refractive index which can be measured using several techniquesincluding the prism coupling method. Lower than bulk values of refractive index often indicate
porous, off-stoichiometry, or poor quality thin films unsuitable for devices.Of the materials being considered for use in integrated optic switching devices, potassiumniobate ranks very highly due to its very strong electro-optic effect and moderate dielectric
susceptibilities. This ferroelectric has been difficult to grow in bulk crystalline forn, but thin filmshave recently been deposited making it attractive for the integrated optic applications.

I EXPERIMENTAL PROCEDURE

Potassium niobate thin films were prepared by an ion beam sputtering technique describedpreviously.[ii Sequential deposition of very thin layers of potassium oxide and niobium oxidefrom potassium superoxide pressed powder and niobium metal targets resulted in the fomiation ofI the desired perovskite phase. Film composition and thickness were determined from Rutherford
Backscattering (RBS) spectra. The single phase nature of the films was determined from X-ray
Diffractometer (XRD) scans of the films and Selected Area Diffraction (SAD) patterns from
transmission electron microscope (TEM) specimens.

Optical guided waves were launched into the thin films using a symmetrical rutile prismcoupler [2J with a base angle of 600 and refractive index of 2.8659. The prism and film were
clamped together to achieve a good coupling spot and the clamped assembly was mounted on a
goniometer. A helium-neon laser (X = 632.8 nm) was focused on the coupling spot at the prism-film interface. The light was polarized in order to launch only TE modes in the films. A schematic
of the system is shown in figure 1. The reflected beam from the prism coupler was detected with asilicon photodiode and its signal monitored with a chart recorder. The prism coupling assembly
was rotated until a sharp decrease in the reflected beam intensity was detected signaling thelaunching of a guided mode. The coupling angle relative to normal incidence of the input beam onthe entrance face of the prism was measured. A computer was used to perform the iterative
calculation necessary to determine the refractive index of the film from the coupling angle and the
film thickness.(3J!

U



I
| >  73

3 de-Ne polarizer Lens
~Rotating

Tablen
E6328A

i=Rutile Pr ism X-Y Stage

i a shPotassium Niobate Films
on Magnesium Oxide Caahseng t

Pressurc

Figure I. Prism coupling system used to determine thin film refractive index.

J RESULTS AND DISCUSSION

J Guided-wave characterization

Epitaxial b-axis oriented orthorhombic potassium niobate thin films were grown on single
~crystal magnesium oxide (001) substrates. Magnesium oxide was chosen for these experiments

because of its close lattice match with KNbO3 and its refractive index of 1.73. A low refractive
index relative to the thin film is necessary to prevent guided-wave losses into the substrate. In
addition, the crystallographic orientation of the films on MgO is suitable to make use of one of the
larger coefficients of the electro-optic tensor in integrated optic devices.

The compositions of the films were analyzed using RBS spectra. Figure 2 shows a
representative spectra of the KNbO3 films. All films measured were slightly potassium deficientI with a potassium to niobium ratio in the range of 0.85:1 < K:Nb < 0.95:1. As stoichiometric
potassium niobate (K:Nb = 1:1) is reached and exceeded the films roughen and change from
transparent to translucent. The single phase nature and the orientation of the films can be seeni from the X-ray diffraction scan shown in figure 3. The epitaxial relationship between the films and
the substrate was verified from SAD patterns of TEM samples.

The refractive index of the KNbO 3 thin films was determined by measuring the angle at
which guided modes were launched into the films using a prism coupler. Only the TE0 mode was
launched because the film thicknes was in the range 2000 to 2500 angstroms, determined from the
RBS spectra. The coupling angle was determined by detecting a sharp decrease in the intensity of
the beam reflected from the prism-film interface as the incident angle was changed as shown inI figure 4. At 632.8 nm the refractive index of the films was determined to be 2.28. This result is in
good agreement with published values of the refractive index of bulk orthorhombic KNbO3 and
indicates that the films are dense and of high quality. For b-axis (010) oriented films, the refractiveI index for TE polarized optical waves should lie in the range between the refractive indices in the a-,
(100), and c-, (001), crystallographic directions, 2.28 to 2.17, respectively.
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I ~KNbO_ Phase Modulator Model

To demonstrate the utility of the ion beam sputter-deposited potassium niobate thin films, a
waveguide electro-optic modulator based on the thin films was modeled. High quality films of75
KNbO3 have been deposited on single crystal magnesium oxide (001). These films have been
grown heteroepitaxially on the MgO surface with Ps of the ortborhombic KNbO3 oriented in the
plane of the film. These films will serve as the basis for the electro-optic phase modulator model.
There are four equivalent directions for PS in the plane of the film, but, for the purposes of this
model, a film whose polarization vectors all point in a single direction will be considered. The
results of the model will then be compared to existing technology.

The optical indicatrix for KNbO3, a biaxial material, can be written as[4]

3 4X24 X2 B2 2 + B34 + 2B4x~x 3 + 2B5x x3 + 2B6xx 2 = 1 (1)

where Bi = I/ni 2 , and the subscripts use contracted indices. Deformation of the optical indicatrix'occurs as a result of the electro-optic effect when an electric field is applied to the crystal.
Potassium niobate belongs to the crystal class mm2, so the deformation of the indicatrix obeys the
relation

I (A + rE34)x2 + (B2 + r,3E3)x2 + (B3 + r33E3)x2 + 2r 42E2x2x3 + 2r,1Exx 3 = 1 (2)

I For the use of the KNbO 3 films discussed above in guided-wave devices, light must propagate in
the 1-3 plane. The guided wave may be polarized either TE (in the 1-3 plane) or TM (normal to the
1-3 plane) in a single mode waveguide. Thus, for these thin films the fourth term in Eq. (2) is ofI no consequence since light can not be polarized in the 4 direction.

For a field applied along x3, Eq. (2) reduces to

1 (Bt ~ + r,3E3) + r2 E3)x +(B3 +r3 E3)3 = (3a)

while for a field applied along xl, Eq. (2) becomes

1 4x + Bx2 + 82 + 2r5,E,.r,x , = I. (3b)

Of the linear electro-optic coefficients appearing in Eqs. (3a) and (3b), r~l is the largest for
KNbO 3,105 xiO 12 m/V.|5] Utilization of this strong effect requires that a TE guided mode
propagating in the 5 direction (the shear direction between the x1 and x3 axes) in the crystal beI used. The geometry of the proposed device is shown in Fig. 5.

X2 Electric Field Line Optical Mode Field

N1 X ,

Film A ' , oool o l m x
Y 00) LO310 XsS
-MIO Subsrate ,-ubsate

(a) (b)

5Fig. 5. Geometry of the proposed KNbO3 electro-optic modulator.

The total phase shift for a TE mode propagating a distance L along the 5 direction in the3 film is AfIL - 2nL(An5)/.. From Eq. (3b), An5 can be found to be

a



3 F, (4)

To determine the applied electric field, E must be determined for the electrode geometry shovp,.inU Fig. 7-1(b). The electrode geometry shown, where the horizontal field is used for modulatiodchas
been studied in depth by several researchers[6,7,8,9], with the result that E I in Eq.(4) can be
replaced by I"V/,G where V is the applied voltage, G is the gap between the strip electrodes and
rrepresets the overlap integral between the electrical and optical fields. The expression is
modified by y to determine the component of the total field in the x 1 direction. The overlapI integral can be calculated from

r = )JfElE 1 A (5)

I where E is the applied electric field and E" is the normalized optical field distribution. Using Eqs.
(4) and (5), the total phase shift can be written as

IA =-jnsrsr(%xY%) (6)
Device length and modulation voltage are two critical parameters in device design. For

device optimization the product VL should be minimized. Equation (6) can be rewritten to identify
the relationship between the other device parameters and the VL product. The result, using 7c asthe desired phase shift for the modulator, is

VL= (7)

For minimization of VL, (G/ r) must be minimized. However, F is a function of G and the opticalV mode size. Alferness[61 and Marcuse[71 have graphically presented this relationship for use in
device design.

Before choosing actual device dimensions, modulation bandwidth must be considered.
The modulation bandwidth when determined from the lumped electrode parameters is dependent on
the electrode design and the dielectric constant of the thin film. The bandwidth is determined from
Af - I/RC where R is the impedance of the device, typically 50 Q (matched to the driving
circuit), and C is the capacitance of the strip electrodes. For symmetric strip electrodes as shown
in Fig. 5. the capacitance per unit length is[6,10]

C K'(r,) (8)

L where rs- (2W/G+1)-! and eff-= (toJ2)(1+E-s) is the RF dielectric constant. For KNbO3 in the
geomeuy considered here, Es = E5 = 74. K is the complete elliptic integral of the first kind and
K'(rs) - K((l-rS2)I/2]. Alfemess[61 has graphically determined C/L and Af.L vs. G/W for
LiNbO3 and the results can be scaled appropriately for KNbO 3.

Modulation bandwidth can also be limited by the inverse of the optical or electrical transitI times. Normally, the bandwidth is limited by the electrodes and is determined as above. The
bandwidth is therefore dependent on G/W, increasing as the ratio of G/W increases. However,
from Eq. (7) it can be seen that a small electrode gap is required to minimize the VL product.
Therefore, to maximize the modulation bandwidth requires a small electrode width. The electrical
i transit time cutoff frequency places a practical limit on the electrode gap to width ratio. Calculated
as

I
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A -(9)

the cutoff frequency for KNbO3 is 1.5 GHz.cm and 2.2 GHz.cm for LiNbO3. There is thus Wj
advantage for G/W > 3 for a KNbO3 device.

The ratio of drive voltage to modulation bandwidth can be used as a figure of merit in
evaluating device design. Using Eqs. (7) and (8) presented above, the ratio is

Y = ,r2-R AI ) ~r XVL)(10)

lr r

I 1

Table I surmmarizes the device geometry and operation parameters for optimized
modulators based on potassium niobate thin films and X-cut, Y-propagating titanium-diffused
lithium niobate waveguides. Based upon the drive voltage to modulation bandwidth ratio and the
VL product, the potassium niobate based modulator compares favorably with the lithium niobate
modulator. The potassium niobate modulator uses a much larger electro-optic coefficient than the
lithium niobate modulator, but the advantage gained is partially offset by the larger dielectric
constant of KNbO3 for the geometry considered. Based on the drive voltage to modulation
bandwidth ratio, the theoretical potassium niobate modulator represents an 80% improvement over
the lithium niobate modulator.

Table I. Comparison of optimized phase modulators.

KNbO 3 Thin Film Ti-diffused LiNbO3

Electro-optic Coefficient r =l 105x10- 12 m/V r33 = 30.8x10 " 12 m/V

RF Dielectric Constant, es 74 35

Electrode Gap, G, (mm) 2 1
Electrode Width, W, (nun) 1 2

Wavelength, X, (nm) 633 633

Overlap Integral, r 0.7 0.3
VoL Product, (Vemm) 2.2 6.4
Electrical Cutoff Freq., ft, (GHz'cm) 1.5 2.2
RC Bandwidth-Length, AfRC-L, (GHz-cm) 1.4 2.1
(V/Af)min, (V/GHz) 0.2 0.5

Very high quality lithium niobate devices are currently being produced. However, a large
market for these devices has yet to develop. One of the principle reasons for the small market isLthe difficulty in integrating these devices with thin film optoelectronic technology. It is in this area
that thin films such as potassium niobate can excel. Several very important materials issues need to
be addressed before the thin films can take the place of the bulk single crystal devices, however.
High optical losses continue to plague thin film waveguides. These losses, primarily due to
scattering, must be decreased to acceptable levels based upon the device being considered. In
addition, for best use of the thin film materials, they must be grown on silicon or gallium arsenide.
Due to the high indices of refraction of Si and GaAs, low index (<2) buffer layers must first be
grown on the substrates before the electro-optic material. These buffer layers must possess a
lattice suitable to match both the substrate and the electro-optic material. Work is currently in
progress at North Carolina State University to grow such materials.

SUMMARY

The refractive indices of epitaxial potassium niobate (001) thin films deposited on single
crystal magnesium oxide (001) have been measured using a prism coupler. The films were
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I fabricad using an ion beam sputter-deposition system and their compositions determined from
Rutherford Backscattering spectra. The thickness of the films was in the range of 2000 to 2500A
so the films supported only one TE mode. Smooth, transparent films that were slightly potassium* deficient had a refractive index of 2.28. This result falls within the expected range of 2.279 to7 82.329 for bulk single crystal KNbO3 with the same orientation as the films.

A model of an electro-optic phase modulator was developed which optimizes the drive
voltage and modulation bandwidth of the device. The model was based on the epitaxial KNbO3films grown on MgO (001) using the ion beam sputter-deposition technique. The characteristics ofthe optimized device demonstrate the potential of KNbO3 films to surpass bulk single crystalU LiNbO3, which is currently the material of choice for guided-wave integrated optics devices.
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